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ANALYTICAT, STUDY OF EFFECTS OF PRODUCT OF INERTTA
ON ATRPLANE SPIN ENTRTES, DEVELOPED SPINS,
AND SPIN RECOVERIES

By Ernie L. Anglin
Langley Research Center

SUMMARY

An analytical study has been made to investigate the effects of variations
in product of inertia on the spin entry, developed spin, and spin recovery of
airplanes. Three configurations considered to be representative of modern
fighter-type airplanes were used: a delta-wing fighter, a swept-wing fighter,
and a stub-wing research vehicle. They were mass loaded relatively heavily
along the fuselage.

The results indicate that the magnitude of the product of inertia may have
a significant effect on attempted spin-entry motions. For the delta-wing
fighter and the swept-wing fighter, an increase in product of inertia changed
the attempted entry motion from one in which a developed spin was attained to
one in which no spin resulted. For developed spins, increasing the product of
inertia caused slightly higher angles of attack, somewhat lower rates of rota-
tion, and lower magnitudes of spin-energy factor resulting in fewer turns
required for recovery. When spins are oscillatory, the trends noted for devel-
oped spins are somewhat obscured.

INTRODUCTION

It has long been recognized (for example, see refs. 1 and 2) that moment-
of-inertia variations have large effects on developed-spin and recovery motions
of airplanes and that these motions are particularly affected by whether the
vehicle is mass loaded more heavily along its fuselage or its wing and by the
degree of difference between the wing and fuselage loading. Results of refer-~
ence 1 show that this difference in wing and fuselage loadings is extremely
important both in algebraic sign and in magnitude. No information exists, how-
ever, with regard to possible effects of product-of-inertia variations due to
varying displacements of the principal longitudinal axis with respect to the
fuselage reference (body) axis of the airplane.

The present investigation was therefore made to determine analytically the
effects of product-of-inertia variations on the spin-entry, developed-spin, and



spin-recovery motions. The product-of-inertia variations used correspond to
angular displacements between the reference and principal axes from 00 to 50.
Three representative modern airplane configurations mass loaded relatively
heavily along the fuselage were used: a delta-wing fighter, a swept-wing
fighter, and a stub-wing research vehicle. A high-speed digital computer,
wind~-tunnel aerodynamic data, six-degree-of-freedom equations of motion, and
methods similar to those used in references 3, 4, and 5 were utilized to cal-
culate the airplane motions.

SYMBOLS

The body system of axes was used in the calculations. This system of axes,
related angles, and positive directions of corresponding forces and moments are

illustrated in figure 1.
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rolling-moment coefficient due to aileron deflection, per deg

rolling-moment coefficient due to rudder deflection, per deg

pitching-moment coefficient due to elevator deflection, per deg

yawing-moment coefficient due to aileron deflection, per deg

yawing-moment coefficient due to rudder deflection, per deg

longitudinal-force coefficient due to elevator deflection,
per deg



side-force coefficient due to aileron deflection, per deg
side-force coefficient due to rudder deflection, per deg
normal-~force coefficient due to elevator deflection, per deg

mean aerodynamic chord, ft

. 2
I'V‘}f'e

nondimensional spin energy factor,
OVRZSD

N [P~

longitudinal force acting along X-axis, 1b
side force acting along Y-axis, 1b
normal force acting along Z-axis, 1b

acceleration due to gravity, 32.17 ft/sec2
altitude, ft

initial altitude, ft
moment of inertia about vertical axis, slug—ft2

moment of inertia about Xy-, Yy-, and Zp-axis, respectively,
slug—ft2

moment of inertia about X-, Y-, and Z-axis, respectively,
slug—ft2

product of inertia in XZ-plane, positive when Xg-axis is
inclined below X-axis at nose, slug—ft2

inertia yawing-moment parameter

rolling moment acting about X-axis, ft-1b



My,

p,q,r

X,Y,Z

Xo,Y0,2Z0

pitching moment acting about Y-axis, ft-1b
yawing moment acting about Z-axis, ft-1b

mass, W/g, slugs

component of resultant angular velocity about X-, Y-, and
Z-axis, respectively, rad/sec

wing area, sq ft
time, sec

component of resultant linear velocity VR along X-, Y-, and
Z-axis, respectively, ft/sec

resultant linear velocity, ft/sec

weight, 1b
body axes

principal axes (axes about which the products of inertia are
zero)

angle of attack, angle between relative wind VR projected

into XZ-plane of symmetry and X-axis, positive when relative
wind comes from below XY-plane, deg

angle of sideslip, angle between relative wind Vi and projec-

tion of relative wind on XZ-plane, positive when relative
wind comes from right of plane of symmetry, deg

aileron deflection with respect to chord line of wing, positive
when trailing edge of right aileron down (left stick), deg

elevator deflection with respect to fuselage reference line,
positive with trailing edge down, deg

rudder deflection with respect to fin, positive when trailing
edge left, deg

angle between X-axis and Xp-axis, positive when principal axis
is below reference axis at nose, deg

total angular movement of X-axis from horizontal plane measured
in vertical plane, positive when airplane nose is above hori-
zontal plane, rad or deg



o) air density, slugs/cu £t

¢ angle between Y-axis and horizontal measured in vertical plane,
positive for erect spins when right wing downward and for
inverted spins when left wing downward, rad or deg

Pe total angular movement of Y-axis from horizontal plane measured
in YZ-plane, positive when clockwise as viewed from rear of
airplane (if X-axis is vertical, ¢e is measured from a ref-

erence position in horizontal plane), rad or deg

Ve horizontal component of angular deflection of X-axis from ref-
erence position in horizontal plane, positive when clockwise
as viewed from vertically above airplane, rad or deg

A dot over a symbol represents a derivative with respect to time; for
example, U = du/dt.

METHODS AND CALCULATIONS

The spin-entry attempts and the developed-spin and spin-recovery motions
were calculated by using a high-speed digital computer which solved the equa-
tions of motion and associated formulas listed in the appendix.. The equations
of motion represent six degrees of freedom along and about the body system of
axes. (See fig. 1 for illustration of body axes.)

Sketches of the planforms of the three configurations used in the study
are shown in figure 2. Configuration A represents a delta-wing fighter, config-
uration B represents a swept-wing fighter, and configuration C represents a
stub~-wing research vehicle. The mass and dimensional characteristics of these
configurations are listed in table I.

The aerodynamic data inputs used in the digital computer calculations are
presented in figures 3 to 8. The data for configurations A, B, and C were
obtained from references 4, 6, and 3, respectively. Estimated values of the
derivatives Cmq and. Cm& were used in the pitching equation of motion (see

appendix) and were constant for all angles of attack. Values of Cmq and
Cmg, Were -0.45 and -0.45 for configuration A (ref. 4) and -10.0 and O for con-
figuration ¢ (ref. 3). Values of Cmq and Cpg used for configuration B in

this investigation were estimated to be -2.0 and O, respectively. No values of
the derivatives Czr and Cnp for configurations B and C were available and

for purposes of this study they were assumed to be O.

The procedure for calculating attempted spin entries was as follows: The
configuration initially was in trimmed level flight. At zero time, the eleva-
tor was deflected full up from its trimmed level flight position. As the motion
developed, rudder and aileron controls were applied at times conducive to the

6



attaining and sustaining of a developed right spin (turning toward the pilot's
right). The initial conditions used for these calculations are shown in
table II.

Developed spins were obtained in a manner similar to the spin-tunnel
testing technique. (See ref. 4.) In this method, it is assumed that the
initial condition is one of very high angle of attack with applied rotation
about a vertical axis and that from this condition the spin parameters will
undergo some intermediate motions until the configuration eventually achieves
its own equilibrium~developed spin. The initial conditions used for these cal-
culations are included in table II.

Spin-recovery attempts were made by deflecting the rudder against the
direction of rotation and by deflecting the ailerons with the direction of roll
(left rudder and right ailerons when in an erect spin to the pilot's right);
these are the optimum control deflections for recovery from developed spins for
airplanes loaded relatively heavily along the fuselage (ref. 1), as are the con-
figurations investigated herein. The elevators remained in the original
elevator-up setting. A spin is considered terminated when either the spin
rotation ceases or the angle of attack becomes and remains less than the stall
angle. Usually when the angle of attack becomes less than the stall angle, the
airplane enters a steep dive without significant rotation (Yo =~ 0). In some
instances, however, the airplane may be turning or rolling in a spiral glide or
an aileron roll. Also, sometimes the airplane may roll or pitch to an inverted
attitude from the erect spin and may still have some rotation, but it is con-
sidered to be out of the original erect spin.

The product-of-inertia variations were assumed to be due to weight shifts
inside the aircraft, accomplished in such a manner as to cause angular displace-
ments of the Xp-axis (principal axis) below the reference X-axis (body axis)
at angles ranging from 0° to 5°. The equations used to obtain values for the

moments and product of inertia about the body axes are from reference 7 and are
as follows:

1 1
Ip = 21y +1x ) - L(1, -1 2
X 2( Zo Xo) 2( Zg Xo>cos €

Iy = Iy,

_ 1 1
Iy = §<IZO + IXO) + E(IZO - IXO>cos 2¢
Tyy = (I, - Tyx.)sin 2e
X7 ) Zo X0

The moments and product of inertia obtained from these equations for each con-
figuration are presented in table IIT as a function of €. 1In addition, values
Iy - T

X - ¥ for each configuration are

of the inertia yawing-moment parameter >
mb



given in table IIT. Changes in the algebraic sign or large changes in the mag-
nitude of this parameter may have an important influence not only on the devel-
oped spin characteristics but also on the particular combination of controls
which are considered to be the optimum controls for recovery (ref. 1). The
variations in yawing-moment parameter shown in table III are not of a large
enough magnitude to be important.

RESULTS AND DISCUSSION

Results of the calculations of the spin-entry, developed-spin, and spin-
recovery motions for € = 0° and € = 5° are presented in figures 9 to 1k as
time histories of angle of attack, angle of pitch, sideslip angle, roll atti-
tude, rate of spin rotation, number of spinning turns made, and aileron- and
rudder-control inputs. Some pertinent results from the developed-spin and spin-
recovery calculations are also presented in table IV for values of ¢ from O°
to 5° in 1° increments.

Spin-Entry Calculations

Spin-~entry attempts were calculated for each configuration for values of ¢
of 0° and 5° only. Therefore, only overall effects were obtained — in partic-
ular, whether the variation in magnitude of product of inertia used would change
the attempted entry motion from one in which a developed spin was attained to
one in which no spin resulted. The same initial conditions and control move-
ments were used for both the € = 0° and the ¢ = 5° calculations for each

model.

Configuration A.- The results of the spin-entry calculations for configura-
tion A are presented in figure 9. For ¢ = 0° (IXZ =0 slug—ftg), a spin-entry
motion occurred in which two turns were made in the first 27 seconds. The angle
of attack increased smoothly upward with oscillations steadily decreasing in
amplitude, and the configuration apparently was headed toward an equilibrium
developed spin condition with an angle of attack above 60° and with a rate of
spin rotation Ve of less than 1 radian per second.

For e = 5° (IXZ = 10 827 slug-ftg), the angle-of-attack curve shows two

oscillations which were approximately the same as those obtained for ¢ = 0°.
After that, however, the angle of attack for € = 5©° increased very rapidly
until it went above 120° and beyond the aerodynamic data range used in this
study. At the same time, 6e and p were changing violently and V. did not

appear to be headed toward any positive equilibrium value. Although the motion
did not show beyond question that this is a no-spin condition, past experience
indicates that an airplane normally would not enter a spin after having gone
through such gyrations.

Configuration B.- The results of the spin-entry calculations for configura-
tion B are presented in figure 10. For € = 0° +the motion was oscillatory and
a rollover occurred after approximately 10 to 11 seconds, after which an erect
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developed spin was obtained. The angle-of-attack curves for ¢ = o° and

€ = 59 coincide for the first two oscillations, after which oscillations for
€ = 59 occurred about a much lower angle of attack. Finally, the angle of
attack became negative; this indicates a no-spin condition.

Configuration C.- The results of the spin-entry calculations for configura-
tion C are presented in figure 11. Spins were obtained with angles of attack
greater than 80° for both e = 0° and € = 59, and increasing e had little
or no effect on the entry motions. The spin entry did progress slightly faster
for e = 0°, however, inasmuch as two turns were achieved at 31 seconds com-
pared with 34 seconds for e = 5°.

Summary of entry results.- A variation of 5° in the displacement of the
Xo-axis (principal axis) below the reference X-axis (body axis) may have a
significant effect on attempted spin entries. In general, an increase in ¢
appeared to increase the degree of the oscillations occurring during the post-
stall gyrations. Sometimes these increases in oscillations may lessen the tend-
ency of a given configuration to enter a spin.

The time histories of configuration C show very mild oscillations when com-
pared with those obtained for configurations A and B. (Compare fig. 11 with
figs. 9 and 10.) An examination of the equations of motion (see appendix) indi-
cates that the magnitude of the effect produced by the product of inertia Iyy

depends on the magnitudes of p, q, and r. A larger effect would therefore
be expected on motions which are more oscillatory.

Developed-Spin Calculations

The results of the developed-spin calculations are presented in table IV
for configurations A, B, and C for values of e of 09, 19, 29, 3°, 4O, and 5°,
The same control settings and initial conditions were used for all values of ¢
for each configuration. The calculations for each configuration allowed time
for any disturbance caused by the specific combinations of initial conditions
used to damp out and for the configuration to achieve its own equilibrium devel-
oped spin. The spin parameters presented in table IV are for the equilibrium
developed spins and are, therefore, the values present just prior to the appli-
cation of the recovery controls. Recovery controls were then applied.

Configuration A.- The results of the developed-spin calculations for
€ = 0° and e = 59 for configuration A are presented in figure 12. With
€ = 00 (fig. 12(a)), configuration A had a very steady developed spin with an
angle of attack of 74O, sideslip and roll angles near 0°, and a rotation rate of
1.26 radians per second. The results presented in table IV indicate the manner
in which the developed-spin parameters are affected as ¢ was varied from Q°
to 5°. A comparison of figures 12(a) and 12(b) (or the developed-spin results,
for € =0° and ¢ = 5° shown in table IV) indicates that the steady nature of
the developed spins was not affected by changes in €. The angles of attack
remained at approximately T4°, although table IV shows that a very slight
increase occurred as < 1increased, the sideslip and roll angles remained near
0%, agd the rate of rotation decreased from 1.26 for € = 0° to 1.15 for
e = 5%,




Configuration B.- The results of the developed-spin calculations for con-
figuration B are presented in figure 13. With € = 09, configuration B had an
oscillatory developed spin. The angle of attack oscillated from 65° to 850,
the sideslip and roll angles oscillated from approximately -200 to 20°, and the
rate of rotation varied from 1.69 to 2.63 radians per second.

An examination of the results presented in table IV indicates that as ¢
inecreased, the angle-of-attack osclllations increased, whereas the sideslip-
angle and roll-angle oscillations decreased a few degrees. The average angle
of attack remained at approximately 760, although table IV shows that a very
slight increase occurred as ¢ increased. However, the trend was not as con-
sistent for configuration B as it was for configuration A. The average rate of
rotation decreased from approximately 2.17 for € = 0° to 2.00 for ¢ = 5°, a
trend similar to that noted for configuration A.

Configuration C.- The results of the developed-spin calculations for con-
figuration C are presented in figure 14. For € = 00, configuration C had a
relatively steady developed spin with an angle of attack of approximately 850
and a rate of rotation of 2.07 radians per second.

An examination of table IV indicates that the steady nature of the devel-
oped spin remained the same for all values of €. The average angle of attack
remained at approximately 850, although table IV shows that a very slight
increase occurred as ¢ increased. The rate of rotation decreased from 2.07
for € = 0° to 1.65 for e = 5°.

Summary of developed-spin results.- A summary of the results of the
developed-spin calculations is presented in figures 15 and 16 where the values
of daverage and We,average: respectively, are plotted as a function of .

The average angle of attack (fig. 15) for each configuration remains approxi-
mately the same as € increases. Very slight angle-of-attack increases did
occur, but the magnitude of these increases is too small to be significant.

The rate of rotation (fig. 16) for each configuration decreases as € increases.

Analysis of developed-spin results.- The magnitude of the effect produced
by product of inertia depends on the magnitudes of p, g, and r. In general,
in a developed spin, the magnitudes of the oscillations and, therefore, the
magnitudes of p, g, and r are not as great as those which occur during a
spin-entry maneuver. Hence, the magnitude of the effect produced by a product
of inertia would be expected to be less on a developed-spin motion than on a
spin-entry motion.

The probable effect of product of inertia on the relative difficulty of
spin recovery may be determined from the following analysis. Since the average
angle of attack remained approximately the same when € was increased, the
decrease in V¥, as € was increased may be explained by an equation from ref-
erence 1. This equation, which approximates the rate of rotation of a vehicle
in a developed spin, is
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.2 My
We =
%(IZ - Ix)sin 2

When this relationship is revised to include the product of inertia, it becomes

.2 My

1 .
=(Iy - T in 2o, - T cos 2a
2( Z X)S % X7

Inasmuich as the average angle of attack remains approximately the same, the
numerator of this expression remains approximately the same. However, as ¢
increases, the magnitude of the denominator increases for all developed spins
having an angle of attack greater than 45° (a > 45° for each of the configura-
tions investigated herein); this increase causes a decrease in the value of V.

Since the average angle of attack remains approximately the same as e
increases, the accompanying decrease in rotation rate becomes important. As
was pointed out in references 1 and 5, the lower the rate of spin rotation, the
more rapid the recovery should be. 1In reference 5, a nondimensional spin-energy
factor Eg, based on the kinetic energy of spin rotation, was shown to indicate

the relative difficulty of spin recovery. The equation used for calculating Eg

in reference 5 revised for this investigation to include the product of inertia
becomes

. 2
TyVe

oVR-Sh

NI |-

where

Iy = Iy cosZq + Iy sinZq - Ixy, sin Z2a

Values of Eg were obtained for configurations A, B, and C by using the
revised equations and are presented as a function of ¢ in figure 17. For all
three configurations investigated, the magnitude of Eg generally decreased
consgistently as € increased. The decreases in Eg for configuration A are
small in terms of absolute values but are large in terms of percent change, and
actually represent a significant reduction. This reduction is illustrated more

Es
Eg for € = 0°
presented. The values of Eg for € = 5° represent approximately 80, 81, and
64 percent of the Eg values obtained for € = 0° for configurations A, B,
and C, respectively.

effectively in figure 18 where the variation of with € 1is
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Spin-Recovery Calculations

Attempts were made to calculate the spin-recovery from each of the
developed-spin calculations. The results of the spin-recovery calculations are
included in figures 12 to 14 and table IV.

A summary of the calculated recovery results is presented in figure 19,
in which turns for recovery are presented as a function of €. The turns
required for recovery for configurations A and C consistently decreased as ¢
increased. Thls decrease would be expected because the value of Eg decreased
consistently as e increased (fig. 18). The turns required for recovery for
configuration B also show an overall decrease, but the trend was not as con-
sistent as it was for configurations A and C.

Additional Calculations for Configuration B

Inasmuch as the turns required for recovery for configuration B did not
show as consistent a trend with e changes as was noted for configurations A
and C and inasmuch as configuration B was the only configuration which had an
oscillatory spin, some additional calculations were made in an attempt to obtain
a less oscillatory developed spin and to reinvestigate the effects of changes in
€. In these calculations the estimated values of Cp and CZB shown in fig-

ure 20 were used, with all other aerodynamic data inputs unchanged.

The results of the additional developed-spin calculations for configura-
tion B are presented in the time histories of figure 21 and in table V. Tor
€ = 0%, an oscillatory developed spin is still obtained, but the magnitude of
the oscillations is greatly reduced (compare fig. 13(a) with fig. 21(a)).

The results shown in table V indicate that the oscillatory nature of the
developed spin shown in figure 21(a) remained about the same for all values of
€. The average angle of attack remained at approximately 67° and the rate of
rotation decreased as € increased. A summary of these additional results for
configuration B is presented in figure 22, in which agyerage> Ve,averages Es,

and turns for recovery are plotted against €. The magnitude of the spin-
energy factor Eg again decreased consistently as e increased. (The value
of Eg for e = 5° is only 85 percent of the value of Eg for e = 0°.) The
turns for recovery also show an overall decrease as ¢ increases, with a more
definite trend than that previously obtained when the developed spins were more
oscillatory. (Compare turns for recovery for configuration B in figs. 19

and 22.) Therefore, it appears that the inconsistencies noted in figure 19 in
the trends of the turns required for recovery for configuration B were caused
by the more oscillatory nature of the spins from which those recoveries were
obtained.
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General Remarks

The magnitudes of improvement in the spin recoveries shown in tables IV
and V probably can be achieved with similar configurations having mass distri-
butions somewhat similar to those used in the present investigation. Any
attempt to obtain these magnitudes of improvement by readjusting interior mass
arrangements so as to achieve a larger angle between the Xy-axis (principal
axis) and the reference X-axis (body axis), particularly angles as large as 5°,
would probably be impractical. However, the results presented herein do indi-
cate that, if a choice exists, the mass distribution which has the largest
product of inertia Iyxy will have the best developed-spin and spin-recovery

characteristics. In addition, the mass distribution with the largest product
of inertia will have a more oscillatory spin-entry motion which, in some
instances, may lessen the tendency of a given configuration to enter a spin.
This trend occurs even though the mass loading parameters which are customarily
used to predict effects on spins and recoveries remain essentially unchanged.

In addition, studies made in the past to analyze the spin-entry, developed-
spin, and spin-recovery characteristics of specific aircraft (refs. 3 and 8)
have neglected the product-of-inertia term in the equations of motion. As indi-
cated by the results presented herein, the product of inertia may have an impor-
tant effect on spins and recoveries and it should therefore be considered in
future analytical studies pertinent to investigating the spin-entry, developed-
spin, and spin-recovery characteristics of specific aircraft.

CONCLUSIONS

An analytical study of the effects of variations in product of inertia on
the spin-entry, developed-spin, and spin-recovery characteristics for a delta-
wing fighter, a swept-wing fighter, and a stub-wing research vehicle with mass
distributed relatively heavily along the fuselage indicates the following
conclusions:

1. For a given mass-loading arrangement such as is customarily described
in terms of moments of inertia referenced to the body axes, a product of inertia
due to the angular displacement of the Xp-axis (principal axis) below the ref-

erence X-axis (body axis) may have important effects on the spin-entry,
developed-spin, and spin-recovery motions and should be considered in investi-
gations pertinent to analyzing these motions for specific aircraft.

2. In general, an increase in product of inertia appears to increase the
degree of the oscillations occurring during a spin-entry motion. These
increased oscillations in some instances may lessen the tendency of a given con-
figuration to enter a spin. For example, for the delta-wing fighter and the
swept-wing fighter, increasing the angular displacement of the Xgp-axis by 50

changed the spin-entry motion from a spin entry to a no-spin condition.

5. Increasing product of inertia generally did not alter the steady or
oscillatory nature of the developed spins. Increasing product of inertia,
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however, did cause the developed spins to have slightly higher average angles
of attack, lower rates of rotation, and lower magnitudes of spin-energy factor.
Because of the lower spin-energy factors, fewer turns were required for spin
recovery.

4, As the developed spins become more oscillatory, the effects of

increasing product of inertia tend to become obscured.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 7, 1965.
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APPENDIX
EQUATIONS OF MOTION AND ASSOCTIATED FORMULAS

The following equations of motion were used in calculating the spinning
motions:

2
. Iy - Iy Ixz, . pVR Sb b
P="2""2qr+ 227 + pq) + —~——|Cy,B + Cyx Bg + C 5+-——(C P+ C r)
Tx Ix 2Ty g 1552 L5y °Tr Vg lp lp

2

. Ir - T pVL=5Sc = .
q = Z X pr + ﬁ(re - p2) + R [Cm + Cm5 Se + ° (Cm q + Cm&d’)

I T o1 4

Y Y Y
;oIx - Iy » X2 r)+————pVRQSbC + Cpps 83 + Cng By + =2—(Cppp + C

= T pa T P -q oT nBB ng, °a ng,.or v ( npP nrr)

Z Z Z R
) oVRS
U = ~g sin G + vr - wq + (CX + CX565e>
Vv = g cos B¢ sin fo + wp - ur + (CYBB + Cyp, Ba + CYarSI‘)
W = g cos e cos +uq—vr+pvRESC + Cp_ B

e e m (Z A e)

In addition, the following auxiliary formulas were used:

a = tan-1 ¥
u

sin-1 L
Vr

™
It

VR=\]u2+v2+w2
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APPENDIX

h =u sin 8¢ - v cos Be sin ¢e - W CcOoS fe cOs ¢e

h = hy + fﬁdt
ée = (g cos ¢e - r sin ¢e

ﬁe =p + r tan 8, cos ¢e + g tan B¢ sin ¢e

¢e'P
sin B¢

Ve
@ = sin'l(sin Be cos ee)

f\i}e dt
25

Turns in spin =
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W, 1b
S, sq Tt
b, ft

c, ft

Center of gravity, percent C

TXo slug-ft2
Ty,, slug-ft
Iz slug-ft°

Iy - Iy

mb2

o) deg

e’

oy, deg

8g, deg

18

Configuration
A

24 811

695.05
38.12
25.7755
30.0

13 4hg
128 000

138 151

_1 022 x 1074

TABIE I.- MASS AND DIMENSIONAL CHARACTERISTICS

Configuration
B

23 771
385.3%
35.67
11.83%

35.0

11 709
82 654

89 237

-825 x lO'LL

=30

+6

+15

Configuration
C

12 575
200
22.3%6
10.27
19.5
L 288

75 38k

T4 867

-3 536 X lO_lL




61

TABLE I1I.- INITIAL CONDITIONS USED IN CALCULATIORS

Configuration A

Configuration B

Configuration C

Additional

Spin-entry Deve}oped Spin-entry Deve}oped developed Spin-entry Deve}oped
attempts spins attempts spins spins attempts spins

o, deg 18 70.1 10 85 66.28 25 55

B, deg 0 -0.3 0 0 -2.85 0 -2

0, deg 18 -19.9 10 -5 -23.72 25 -35

P, deg 0 0 0 0 0 0 0

Vg, ft/sec 409.27 324 .7 702.15 | l559.66 363.52 365.95 319,22

Vo, rad/sec 0 1.07 0 2.5 1.2 0 0.45

h, ft 40 000 Lo 000 Lo 000 Lo 000 40 000 Lo 000 Lo 000

e, deg -25 -25 -30 -30 -20 -30 -30

Sy, deg 0 25 right 0 6 right 6 right 0 7.5 right

8y, deg 0 7 left 0 15 left 5 left 0 7.5 left




TABLE ITITI.- MOMENTS AND PRODUCT OF INERTTA

€, deg

Ix, slug-£t2|Iy, slug-ft°|Iy, slug-ft

M EFEWMDHO

13 hlbg
13 487
13 601
13 791
14 056
14 396

J WD HO

11 709
11 733
11 8ok
11 921

12 298

N HFWNW NN O

20

128
128
128
128
128
128

82
82
82

82
82

000
000
000
000
000
000

654_7

654
654
654
654
654

384
384
384
284
384

384

Configuration A

138 151
138 113
137 999
137 809
137 Shh
137 204
Configuration B
89 237
89 213
89 1k2
89 025
88 860
88 648

Configuration-C
| ee7
74 846
T4 781

T4 674
T4 524

T 5L

Tyy,, slug-rt2

0
2 176
L 350
6 518
8 677
10 827

1 353

h o052
5 395

6 731

232
Le2
689
911

CTONEW O

-k
mb2

-1 022 x 10-%
-1 022
-1 o021
-1 019
-1 017
-1 01k

755 x 10~*
~T5h
75k
752
751
L8

-3 536 x 10-4
-3 534
-5 531
-3 526
-3 518

128 -3 508



€, deg
0
1
2
5
4
5
o) 65.
1 63
2 61
3 60
by 61
> 59
0 83
1 84
2 85
3 85
L 85
> 85
*Range

U~ O

TABLE IV.- RESULTS OF DEVELOPED-SPIN CALCULATIONS

a, deg

6 to
to
to
to
to

to

O 0O

o of o of o o
0 0

of oscillations

85.

88.
30.
92.
92.

AN O WY

A O\t

-25.
-25.
-17.
-16.
-15.
-1h.

-6.
-5.
-k,
-4,
-4,
-3,

B, deg

.26
.24
.21
.19
.17
.15

e e

Ve, Tad/sec

Configuration A

Configuration B*

to
to
to
to
to
to

17.
17.
13.
15.
11.
1k,

W
LU0 O o\ ON

1.69 to
1.59 to
1.58 to
1.49 to
1.45 to
1.39 to

NN

Configuration C¥

to
to
to
to
to
to

1O W0 On =
CEENL D

given,

Vg, ft/sec

318
318
318
318
317
317

to
to
to
to
to
to

343
346
348
348
3h7
348

277
276
276
276
276
275

B

Eg Turns for
recovery
L1308 3.44
L1257 3.33
L1185 3.21
L1136|  3.10
.1093] 3.02
Lok 2.93
o133 5.66
oot k.10
37851 h.37
L3601 3.36
L3513 3,44
.3396| 3.5k4
59671 6.98
ek 6,22
.3646) 5.88
26k | 5.66
1256 5.28
.0169| 5.01
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TABLE V.- RESULTS OF ADDITIONAL DEVELOPED-SPIN CALCULATIONS

FOR CONFIGURATION B*

€, deg o, deg B, deg ﬁe, rad/sec VR ft/sec Eg Turns for
recovery
0 61.5 to 71.6 | -5.9 to 0.3 [1.11 to 1.41 [359 to 362 |0.1175 3.67
1 62.4 to 71.8 | -4.7 to O 1.11 to 1.37 |359 to 361 | .1135 3.64
2 62.6 to 72.5 | -5.2 to 0.3 | 1.08 to 1.33 {359 to 361 | .106k 2.92
3 62.0 to 73.3 | -4.9 to 0.4 [1.05 to 1.35 {358 to 361 | .1045 2.90
4 62.2 to T4.0 | -5.5 to 0.8 |1.02 to 1.35 357 to 360 | .1017 2.26
5 1.1 {1.00 to 1.35 {357 to 360 | .0995 2.29

62.6 to 74.8 | -5.5 to

*Range of oscillations given.
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f, 4 Horizontal

Projection of
relative wind

(2) P and Vo = O.

Projection of
relative wind

Projection

Zero azimuth
\ reference heading

(b) 8 and @Pe = O.

Horizontal

(c) 8¢ and Ve = 0, and in this case ¢ = ‘ée'

Figure 1l.- Three-view sketch showing body system of axes, related angles, and positive
directions of corresponding forces and moments.



2k

Configuration A

(delta-wing fighter)
Configuration B

(swept-wing fighter)

Configuration C
(stub-wing vehicle)

Figure 2.- Planview of three configurations investigated.
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